Apatite-polymer hybrids are expected as novel bone substitutes exhibiting bone-bonding ability, i.e. bioactivity, and mechanical performances analogous to those of natural bone. To fabricate such hybrids, biomimetic process has been paid much attention where bone-like apatite is deposited on organic polymers that have specific functional groups in simulated body fluid (SBF) or more concentrated solutions. Previous studies showed that carboxyl groups (-COOH) have a catalytic effect for heterogeneous apatite nucleation in SBF. In this study, we chose pectin as an organic polymer. Pectin is a natural polysaccharide containing carboxyl groups. Hydrogels were prepared from various pectins including pectic acid, apple-derived pectin and citrus-derived pectin by treatment with CaCl 2 solution. Ability of apatite formation in SBF and mechanical properties of the gels were examined. The apatite-forming ability increased in the order (pectic acid)＜(apple-derived pectin)＜(citrus-derived pectin). It was suggested that the apatite-forming ability of the pectin gels is governed by not only the amount of carboxyl groups but also changes in Ca 2＋ concentration and pH in surrounding solutions. Young's modulus of the pectin gels was similar to natural bone, although tensile strength is a little lower.
Introduction
Recently bone damage caused by diseases, accidents and aging has increased. It severely reduces our quality of life (QOL). In most cases, bone defects formed by the damage are currently repaired with bone grafts such as allografts and autografts. However allografts have the problems such as confection by virus and prion. On the other hand, autograft has the problems such as limited supply of the grafts. In addition, it forces the patient much physical damage because healthy tissues must be injured in order to extract the autograft. Therefore, development of artificial materials which can repair the bone defects are desired. However artificial materials implanted into bone defects are generally encapsulated by a fibrous tissue and become isolated from the surrounding bone. 1) So-called bioactive ceramics such as Bioglass , 2)-4) sintered hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) 5), 6) and glassceramic A-W containing crystalline oxyfluorapatite (Ca 10 (PO 4 ) 6 (O, F 2 )) and wollastonite (CaSiO 3 ) in a MgOCaO-SiO 2 glassy matrix 7), 8) are used for bone-repairing owing to attractive features such as direct bone-bonding, i.e. bioactivity. They form bone-like apatite on their surfaces in the body environment and consequently bond to living bone through the apatite layer. However, their clinical application is limited to low loaded portions due to their inappropriate mechanical performances such as lower fracture toughness and higher Young's modulus than natural bone. Materials exhibiting both high flexibility and bioactivity are required for novel bone-repairing materials in medical fields.
The bone is known to take organic-inorganic hybrid structure in which inorganic apatite nanocrystals are deposited on organic collagen fibers woven into a three-dimensional structure. 9) This structure provides specific mechanical properties such as high fracture toughness and flexibility. If the organic polymer is provided with apatite-forming ability, it is expected as novel artificial bone substitutes exhibiting not only bone-bonding ability, i.e. bioactivity, but also mechanical performance analogous to natural bone.
As a technique to deposit the apatite on organic polymers, biomimetic process has been recently proposed. In this process, the apatite is deposited on materials that have specific functional groups on their surfaces in simulated body fluid (SBF, Kokubo solution) or related solutions. 10 2＋ increases degree of supersaturation of the surrounding body fluid with respect to the apatite. Recently it has been revealed that several organic polymers containing carboxyl group (-COOH) form apatite on their surfaces in body environment. 18) In the present study, we focused our attention on pectin containing carboxyl groups as the functional groups with apatite-forming ability. Pectin is a natural polysaccharide included in most plants as a component of extracellular matrix and has high biological compatibility. 19) Its chemical structure is shown in Fig. 1 . In pectic acid, all of R takes a form of OH. Pectin is classified into low methoxyl pectin and high methoxyl pectin depending on amount of methoxyl groups. Namely, amount of carboxyl group is decreased with increase in amount of methoxyl groups. It is known that low methoxyl pectin make a hydrogel by forming so-called eggbox structure in which polymer chain of pectin is layered via cross-linkage by Ca 2＋ ions, independent of pH. 20) We prepared pectin hydrogels from different low methoxyl pectins such as pectic acid, apple-derived pectin and citrus-derived pectin, by treatment with CaCl 2 solution. The apatite-forming ability of the prepared gels was examined in SBF. In addition, mechanical properties of the pectin gels were also quantitatively evaluated by tensile test.
Experimental procedure 2.1 Measurement of degree of esterification
We measured degree of esterification (DE ) to determine amount of COOH group in accordance to the literature by Doesburg et al. 21) Chemical reagents of apple-derived pectin ((C 6 H 8 O 6 , C 7 H 10 O 6 ) n , Wako Pure Chemical Industries, Ltd. Inc.) and citrus-derived pectin ((C 6 H 8 O 6 , C 7 H 10 O 6 ) n , Wako Pure Chemical Industries, Ltd. Inc.) were dissolved in 20 ml of ultrapure water to form aqueous solutions of 5 mass at 80°C. The obtained solutions were titrated with 0.03 M (＝mol/l)-NaOH aqueous solutions using phenolphthalein indicator and then 10 ml of 0.1 M-NaOH aqueous solutions were added to the solutions. After keeping the solutions overnight, an excess of 0.2 M-H 2 SO 4 aqueous solutions of were added and the solutions were back-titrated with 0.03 M-NaOH aqueous solutions. DE was calculated by the following equation:
where a is mole of NaOH in 0.03 M-NaOH for the first titration, L mole of NaOH in 0.1 M-NaOH, A mole of H 2 SO 4 in 0.2 M-H 2 SO 4 and b mole of NaOH in 0.03 M-NaOH for the back titration. At least 5 solutions were titrated for each composition, and average DE and standard deviation were calculated.
Preparation of pectin gels
The foregoing two kinds of pectin and pectic acid ((C 6 H 8 O 6 ) n , Wako Pure Chemical Industries, Ltd. Inc.) were dissolved in ultrapure water and 0.2 M-NaOH at 80°C, respectively. The obtained pectin solutions of 10 mass were cast in polystylene mold 95×60 mm 2 in size, and equivolume CaCl 2 aqueous solutions of 0.5 or 1 M were poured gently onto the pectin solutions. After keeping 24 h at 4°C, remained CaCl 2 solutions were removed from the gels. The obtained hydrogels were rinsed with ultrapure water and dried at 40°C for 3 d. The examined compositions of the pectin gels were summarized in Table 1 .
Evaluation of apatite-forming ability
After a bulk gels were obtained, rectangular specimens 10 ×10 mm 2 in size were cut from the gels and were soaked in 30 ml of SBF with inorganic ion concentrations (Na 0.5 mM) nearly equal to those of human blood plasma at pH 7.40 at 36.5°C for various periods within 7 d.
11)
After the soaking, the specimens were taken out from SBF, immersed in ultrapure water for 24 h to remove excess watersoluble salts in the gels, and dried at 40°C for 24 h. The surface structural changes of the specimens were characterized by using scanning electron microscope (SEM; Model S-3500N, Hitachi Co.), energy dispersive X-ray analyzer (EDX; Model EX-400, HORIBA Co.) and thin-film X-ray diffractometer (TF-XRD; MXP3V, Mac Science Ltd.).
Measurement of changes in Ca concentration pH in buffer solutions
The changes in Ca 2＋ concentrations and pH were measured by soaking of the hydrogels prepared from 15 ml of pectin solutions in 30 ml of Tris-NaCl buffer solutions. Tris-NaCl contained 142 mM of NaCl and 50 mM of tris (hydroxymethyl) aminomethane and was buffered at pH＝ 7.40 by appropriate amount of HCl. Ca 2＋ concentrations and pH were measured by using calcium ion electrode (Model #6583-10C, HORIBA Co.) and pH electrode (Model #9621-10D, HORIBA Co.), respectively.
Evaluation of mechanical properties of pectin gels
Tensile strength of pectin gels was measured according to Japanese Industrial Standards (JIS) K 7127. Each pectin solution of 3 ml was filled into a Teflonmold with dumbbell shape as shown in Fig. 2 and gelled by CaCl 2 solutions. After aging at 4°C for 24 h, the formed gels were dried at 40°C for 3 d. They were then subjected to tensile test by using Instron-type testing machine (Model AG-I, Shimadzu Co.) at a cross-head speed of 5.0 mm/min. The tensile stress was calculated from the load at fracture and geometrical area of cross section of the specimens. At least 5 specimens were tested for each composition, and average stress and standard deviation were calculated.
Results

Apatite-forming ability
The degree of esterification of apple-derived pectin and 
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JCSJapan Ichibouji et al.: Evaluation of apatite-forming ability and mechanical property of pectin hydrogels citrus-derived pectin was calculated to be 41.7±0.3 and 32.0±0.5, respectively. This means that amount of carboxyl group increases in the order (apple-derived pectin) ＜(citrus-derived pectin)＜(pectic acid). Crack-free bulk gels were obtained for all the compositions after the gelation. Figure 3 shows SEM photographs of the surfaces of the pectin gels after soaking in SBF for various periods. Deposition of spherical fine particles was observed to cover whole the surfaces of Citrus10Ca1 after 3 d and Apple10Ca1 after 7 days, but not pectic acid. According to the EDX analysis, peaks assigned to calcium and phosphorous were detected on the deposits observed under SEM (Data not shown). Amount of the deposits increased with increase in CaCl 2 concentration. Figure 4 shows TF-XRD patterns of the surfaces of pectin gels after soaking in SBF for various periods. Broad peaks assigned to hydroxyapatite with low crystallinity were detected on the samples where the deposits covered whole the surfaces at 26°and 32°in 2u. Table 2 summarizes apatite-forming ability of the pectin gels. We can see that the apatite-forming ability increases in the order (pectic acid)＜(apple-derived pectin)＜(citrusderived pectin). In addition, the apatite-forming ability enhances with increase in CaCl 2 concentration used for gela- Table 2 . Apatite-forming Ability of Pectin Gels after Soaking in SBF for Various Periods Figure 5 shows changes in Ca concentration of Tris-NaCl buffer due to soaking of different pectin gels. The concentration increased within 3 days and then decreased for all the compositions. The degree of the initial increase in Ca concentration increased in the order (pectic acid)＜(citrusderived pectin)＜(apple-derived pectin). Figure 6 shows changes in pH of Tris-NaCl buffer due to soaking of different pectin gels. Pectic acid and citrus-derived pectin showed initial increase in pH within 1 d and subsequent decrease, whereas apple-derived pectin showed monotonous decrease in pH.
Changes in Ca concentration and pH of in buffer solutions
Mechanical properties of pectin gels
The apple-derived and citrus-derived pectin gels showed so high flexibility as to be easily bended by hand. Figure 7 shows representative stress-strain curves of the gels. The tensile stress, strain and Young's modulus of the specimens in comparison with those of human cancellous bone are summarized in Table 3 .
1) The gels prepared by treatment with 0.5 M-CaCl 2 showed Young's modulus nearly equal to that of human cancellous bone. Tensile stress showed tendency to decrease with increase in CaCl 2 concentration.
Discussion
Homogeneous bulk gels were obtained from pectin solutions by CaCl 2 treatment. This might be attributed to crosslinking of carboxyl groups in pectin with Ca 2＋ . The results of SEM observation and TF-XRD show that the apple-and citrus-derived pectin gels form the apatite on their surfaces after soaking in SBF within 7 d and the formed apatite is low-crystalline hydroxyapatite similar to bone apatite. Although Citrus10Ca05 formed deposits on their surface in SBF but gave no clear XRD patterns characteristic of the apatite. It is assumed that the formed fine particles are not the apatite but the precursor of the apatite such as amorphous calcium phosphate, or that the amount of the deposit is too low to be detected by TF-XRD.
Pectic acid did not form the apatite in SBF, although it contained the largest amount of carboxyl group among the pectins examined in this study. The pectic acid showed the smallest Ca 2＋ release and the largest pH reduction in TrisNaCl solutions (See Figs. 5 and 6 ). Ionic activity product (IP) of a solution for hydroxyapatite can be described as the following equation: release from the gels. In addition, high acidity of pectic acid significantly lowers pH of the surrounding solution. These effects would suppress increase in IP of the surrounding solutions for hydroxyapatite. These results suggest that too much carboxyl groups in pectin gels rather reduce the apatite-forming ability in SBF.
IP＝g
The obtained pectin hydrogels possess Young's modulus similar to natural bone, although tensile strength is a little lower. We can expect that the increase in CaCl 2 concentration for the gelation would enhance the cross-linking of the pectin to reinforce the hydrogel. In spite of that, the results in this study indicated that the tensile strength of the gels showed tendency to decrease with increase in CaCl 2 concentration. CaCl 2 is known as a highly hygroscopic substance. It is therefore considered that the specimens containing a lot of CaCl 2 easily adsorb water in air, leading to the decrease in tensile strength. Effects of calcium salts for the gelation on apatite-forming ability and mechanical properties of pectin hydrogels should be examined in the next stage.
Conclusions
We examined apatite-forming ability in SBF and mechanical properties of pectin hydrogels with different compositions prepared by cross-linking with Ca 2＋ . Apple-and citrusderived pectin gels formed the apatite in SBF, but not pectic acid gel. It was suggested that the apatite-forming ability of the pectin gels is governed by not only the amount of carboxyl groups but also changes in Ca 2＋ concentration and pH in surrounding solutions. Young's modulus of the pectin gels was similar to that of natural bone, although tensile strength was a little lower.
